a b s t r a c t Semidiurnal (M 2 , S 2 , N 2 and K 2 ), diurnal (K 1 ,O 1 and P 1 ) and quarter-diurnal (M 4 , MN 4 and MS 4 ) barotropic tides over the North Patagonian Gulfs of Argentina: San Matías, (SMG), Nuevo (NG) and San Jos e (SJG) are examined using a regional numerical model. Detailed comparison of computed elevations and currents with those obtained from harmonic analysis of few long-term observational records showed good agreement. A large amplification of all semidiurnal waves is recorded when they cross SMG mouth. Most of the tidal energy coming from the south at this frequency dissipates to the northeast of Vald es Península, where the largest tidal currents are located. While M 2 currents (up to 2e2.5 m/s) are dominant, there are large S 2 and N 2 currents and locally intensified diurnal currents (5e10 cm/s) in some outer shelf locations. At difference with the semidiurnal and diurnal tides the higher harmonics M 4 , MS 4 and MN 4 develop a large amplification inside the NG. The model revealed a complex field of tidal residual currents. The intensity of such currents in some locations are of the same order of magnitude as those generated by winds or offshore forcing. We have identified three main patterns of residual circulation: regional coastal currents and gulf-wide gyres; inlet eddies and, topographic eddies. Vorticity balances and sensitivity experiments indicate that non-linear advection and bottom topography are the key mechanisms involved in the generation of these residual structures.
Introduction
The North Patagonian Gulfs (NPGs) region comprises three semi-enclosed gulfs: the San Matias (SMG), Nuevo (NG) and San Jose (SJG) and is considered one of the most productive areas of the Patagonian Shelf ecosystem (Acha et al., 2004, Fig. 1) . Two notable physical features of this region are the large amplification of the tidal wave and the localized high tidal energy dissipation rate near the SMG entrance (Glorioso and Flather, 1997; Palma et al., 2004; Simionato et al., 2004; Moreira et al., 2011) . The dynamical interplay of the tidal forcing with geomorphological features like headlands, promontories, semi-enclosed areas, deep basins and narrow gulf's entrances leads to the generation of strong fronts and re-circulating patterns (gyres) that have been observed in hydrographic data and remote observations (Piola and Scasso, 1988; Gagliardini and Rivas, 2004) and crudely modeled with low resolution models (Glorioso and Simpson, 1994) . Many physical and bio-geochemical processes in the area are also affected by the details of tidal dynamics. For instance, tides influence the extent of vertical mixing, and thus partially determine the location of temperature fronts that are often observable from satellite imagery (Pisoni et al., 2014; Tonini et al., 2013) with potential large impacts on fisheries (Romero et al., 2006) and CO2 fluxes (Bianchi et al., 2005) .
Albeit important, knowledge of the details of the tidal dynamics and tidal residual currents in this area is still unsatisfactory and largely based on low-resolution (coarser than 10 km) regional models of the Patagonian Shelf (Glorioso and Flather, 1997; Palma et al., 2004; Simionato et al., 2004) and the analysis of a limited number of in situ current measurements (e.g., Rivas, 1997; Moreira et al., 2009) . Two exceptions are the recent high resolution models (~1 km) of Moreira et al. (2011) and Tonini et al. (2013) . Moreira et al. (2011) studied the propagation of the M 2 tidal wave in the NPGs applying a set of three nested high resolution models based on a z-coordinate model. The work of Tonini et al. (2013) indicates that tidal forcing plays an important role in shaping not only the barotropic but also the baroclinic ocean response. Tidal forcing significantly contribute to delineate the frontal structures, and the seasonal circulation patterns in the NPGs, mainly in the summer season when the increased stratification interacts with the tides intensifing a cyclonic circulation inside SMG and NG.
Although much have been learned about this region with the previous work, there is still room to be learned in terms of the dynamical role played by the different tidal constituents, the tidal energy fluxes and dissipation mechanisms and the detailed analysis of the residual patterns and the physical mechanisms responsible for its shape and structure. In this article we propose to further explore the barotropic tidal dynamics in this region using a suite of high resolution numerical experiments encompassing the NPGs region based on the earlier model of Tonini et al. (2013) .
Data and methods

Model set-up
The numerical model used in this study is the Regional Ocean Modelling System (ROMS, Shchepetkin and McWilliams, 2005) . In the vertical, the primitive equations are discretized over variable topography using stretched terrain-following coordinates. In the horizontal, the primitive equations are evaluated using orthogonal curvilinear coordinates on a staggered Arakawa C-grid. For the vertical mixing parameterization we selected the scheme developed by Mellor and Yamada (1982) .
The model computational grid has 271 nodes in alongshore (N-S) and 241 nodes in a cross-shore (W-E) direction and extends from 40 to 44 S and from 60 to 65 W (Fig. 1) . The spatial resolution of the grid is variable, with maximum resolution (~1 km) in the gulfs. In the vertical the model equations are discretized in 20 s-levels, with higher vertical resolution at the top and bottom layers. The bathymetry is based on digitized nautical charts. The model has three open boundaries (Fig. 1) where a combination of the Flather scheme for the barotropic mode and the Orlanski radiation condition for the internal velocities is used (Marchesiello et al., 2001) . At these lateral open boundaries we imposed tidal amplitudes and phases of 8 principal constituents (4 semidiurnal, M 2 , S 2 , N 2 , K 2 , and four diurnal K 1 , O 1 , P 1 and Q 1 ), 2 long-term constituents (M f and M m ) and 3 higher harmonics (M 4 , MS 4 and MN 4 ) interpolated from a global tidal model (TPXO6, Egbert et al., 1994) .
Observational data
For validating the model results we employ tidal amplitudes and phases from 5 coastal stations of the National Navy Hydrographic Service with record-length larger than 30 days, one recently deployed tidal gauge with record-length larger than a year (Lago et. al, 2017, under review, Mooring in Table 1 ) and the scarce available in-situ current observations (Fig. 1) . The in situ observations consist in six current meter data from two different sources: the two stations south of domain (R1 and R2) were collected in a cross-shelf section near 43 S between September 1991 and August 1992, (Rivas, 1997) . The other four stations are located inside SJG (Playa Bengoa, PB) and SMG (from south to north, Punta Colorada, PC, Las Grutas, LG and San Antonio Este, SAE), and the data were collected between July 2005 and December 2006 (Moreira et al., 2009) . The timespan of the time series is of approximately 1 month each (see Table 2 ).
Tidal characteristics
We will focus here on the description, mapping and analysis of the seven major tidal constituents M 2 , S 2 , N 2 , K 2 , K 1 , O 1 and P 1 and the overtides M 4 and MS 4 and their validation with available data. Although the model has been forced by 13 tidal components only those components with maximum amplitudes larger than 2 cm inside the Gulfs are considered in detail. Beginning from a state of rest, the model is integrated forward in time during one year. Elevations and currents were then analysed using standard harmonic analysis (Foreman, 1977) to produce the co-amplitude and cophases charts, tidal ellipses, tidal energy fluxes and tidal energy dissipation maps.
Cotidal charts
The semidiurnal tidal waves (M 2 , S 2 , N 2 and K 2 ) propagate from the southwest as a Kelvin wave and undergo a marked amplification of amplitudes (more than 2.5 times the outer shelf values for all components) after traversing the SMG mouth (Fig. 2, left panels) . In the gulf's interior the phase and amplitude changes are small reaching a maximum of 3.14 m for M 2 in the northern coast (San Antonio Bay). The tidal amplification is very weak inside the NG and SJG but the maximum amplitude is substantially larger at SJG (~3.00 m) than in NG (~1.80 m) (Fig. 2a) . Tidal amplitudes of S 2 and K 2 are about 20% and 5% compared with M 2 (Fig. 2b and d ). An interesting feature of the NPGs is that the N 2 tide is of the same order (and with larger amplitudes in some localities, Fig. 2c ) than the S 2 indicating a large variation of consecutive spring-neap tidal cycles. Co-phase charts show that there is an amphidromic point in the shelf near the northeast corner of the computational domain. In the case of M 2 the amphidrome is located at 41 30 0 S, 61 W while for S 2 is displaced towards the northwest. There is no N 2 amphidrome inside the computational domain. For K 2 the amphidrome is slightly westward of the M 2 location. These differences in the location of amphidromes in a tidal frequency band (i.e. semidiurnal), can be attributed to the differences in frequency and hence wavelength, among constituents in that band (Nye et al., 1988) .
Unlike the semidiurnal tides, the diurnal constituents K 1 , O 1 and P 1 do not show any sign of large amplification inside the gulfs. Gulfscale resonance for these constituents is not expected because their propagation speeds are about half those of the semidiurnal constituents. Amplitude maxima are located near the coastal region and in the interior of SMG (~20 cm for K 1 , 8 cm for O 1 and 5 cm for P 1 ) with some amplification in the northern shelf for O1 (Fig. 2e, f  and g ). The Q 1 tide has maximum amplitudes less than 2 cm in most of the domain (not shown). For the diurnal components there is one amphidromic point located in the middle shelf southeast of Vald es Peninsula (VP hereafter). For K 1 the amphidrome is located at 43 35 0 S and 60 50' W, for O1 it is displaced towards the northwest (inshore) and for P 1 it is located slightly southward compared with K 1 .
The character of the tide in a particular region can be generally described in terms of the amplitude ratio between diurnal and semidiurnal tidal constituents, i.e., F ¼ (K 1 þO 1 þP 1 )/ (M 2 þ N 2 þ S 2 þK 2 ) (Pugh, 1987) . Based on this ratio, the tidal regime (Fig. 2h ) of the region can be generally characterized as mainly semidiurnal (F < 0.25). Some contribution is made by the diurnal constituents in the northeast shelf sector where the amplitude minimum of the semidiurnals is located (0.25 < F < 3).
Although a rigorous statistical analysis of the model performance is precluded by the scarcity of long-term measurements (a record length larger than 30 days is needed to separate N 2 from M 2 ), our regional model displays a very good correspondence with available measured elevation and phases for almost all constituents ( Table 1 ). The average difference is less than 2.5 cm in amplitude and 9 in phase. The amplitude error is larger for the N 2 component at Pta. Colorada and San Rom an (15 cm and 8 cm respectively) while the phase discrepancies are larger at Rawson (~15 ) for all semidiurnals (except K 2 ) and grow a little for the O 1 diurnal inside SMG (maximum difference of 36 at Pta. Colorada). The overall agreement indicates that the primary physical processes affecting the tides in the NPGs are adequately described by forcing the regional model with data extracted from a global tidal model at the open boundary, without assimilation or tuning of the model parameters (bottom friction and/or horizontal viscosity). The present solutions reveal similarities with previous published cotidal charts and also additional features of the NPGs circulation poorly delineated or not reported in earlier low resolution models.
The cotidal charts shows one amphidromic point for the semidiurnal tides off the mouth of SMG and one for the diurnals southeast of VP. This M 2 amphidrome have been reported in previous studies but its reproduction relied on some tuning of the bottom friction parameter (i.e., Glorioso and Flather, 1997; Simionato et al., 2004) . Our simulation locates the M 2 amphidrome very close to the one reported in model B of Moreira et al. (2011) . For the remaining semidiurnal waves (S 2 , N 2 , K 2 ) the model shows displacements of the amphidrome as compared with M 2 . Glorioso and Flather (1997) also noted the S 2 amphidrome displacement towards the coast as compared with M 2 but due to the model resolution, it is very difficult to make a more quantitative comparison with their published charts. Additionally, the present high-resolution simulation showed that no new amphidromes are developed inside the Gulfs. The model shows a large amplification of the M 2 tide after traversing the SMG mouth, a result already reported in previous models (i.e, Glorioso and Flather, 1997; Moreira et al., 2011) . Our results show that this amplification extends to all semidiurnal components, supporting the hypothesis of resonance for the SMG at the semidiurnal frequency. The spatial structure of the diurnal tidal wave has only been explored by Glorioso and Flather (1997) . There is a general concordance with the position of the offshore K 1 and O 1 amphidromes (ours is a little inshore in both cases), but there is no detail in their work about the character of the diurnal waves inside the NPGs as in our model ( Fig. 2e and f) .
Tidal currents
We now examine the tidal currents mapping the depth-average current ellipses for each constituent (Fig. 3) . The semidiurnal currents amplify from the southern shelf to the largest values off the coastal region surrounding VP with maximum intensity approaching 2.5 m/s (M 2 ) at the northeast and SMG mouth (southern sector) (Fig. 3a) . The presence of strong currents is also clear at the mouth of NG (particularly its western sector,~1.8 m/s for M 2 ), SJG (eastern sector,~1.2 m/s) and in San Antonio Bay (~0.8 m/s) were the restriction imposed by the narrow entrances forces an increase in speed (Fig. 3e) . Inside the Gulfs the current intensity decreases but they are still of the order of 0.2 m/s for M 2 . The ellipses present large eccentricity in the southern shelf being more circular off the mouth of NG. After passing the southern tip of VP the flow acquired a rectilinear pattern and changes the sense of rotation as it approaches the SMG mouth. Inside the gulfs there is an important cross-isobath flow in the coastal region (Fig. 3e) . The currents are also very intense for S 2 and N 2 (~0.5 m/s, or 25% of the M 2 intensity) and much weaker for K 2 (~0.1 m/s, or 5% of M 2 ) (Fig. 3 , left panels).
For the diurnal constituents the currents are also intense surrounding VP and comparable with K 2 , but much weaker in magnitude compared with M 2 ,S 2 and N 2 (maximum of~0.15 m/s for K 1 , 0.10 m/s for O 1 , and 0.04 m/s for P 1 ; Fig. 3 , right panels). At difference with the semidiurnals however, the maximum amplification of the diurnal tidal currents is not located at the entrance of SMG but towards the outer shelf where O 1 reaches a maximum of 0.1 m/s. Eccentricities in the outer shelf agree with the tendencies from inviscid theory in that the ellipses should be more circular for the diurnal than for the semidiurnal species. This effect is larger for O 1 than for K 1 and P 1 (Fig. 3g) . The intensification of the diurnal currents in the outer shelf has been ascribed to resonance between the diurnal wave and the local shelf wave, the period of which is determined by the local cross-shelf topography. (Han, 2000; Palma et al., 2004) .
The modeled ellipses are compared with current meter data in Table 2 . The few available observations and the record length limit the comparison to a small number of constituents and preclude a more rigorous analysis. Furthermore, taking into account possible errors due to instrumental accuracy and noise associated with the harmonic analysis of current meter data only magnitudes exceeding 2 cm/s are considered in the comparison (Pugh and Vassie, 1976) . With these caveats in mind, qualitatively, the comparisons are very good for the semidiurnal constituents with ellipse semimajor amplitudes, eccentricities, and orientations all in agreement. Maximum differences are 8.6 cm/s (14%) in magnitude (station SAE for M 2 ), 0.2 in eccentricity (station R 2 for O 1 ) and 27 in orientation (station R 2 for N 2 ).
The modeled semidiurnal current patterns, with maximum currents and low eccentricity surrounding VP and in the mouths of NG and SJG and weaker currents inside the Gulfs, are in general correspondence with earlier modelling efforts but with the exception of Simionato et al. (2004) and Moreira et al. (2011) for the M 2 tide, no quantitative comparison with measured values was given. Simionato et al. (2004) analysed two stations, one off NG and the other in the mouth of SMG. An inspection of their plotted ellipses indicates an almost rectilinear pattern with a zonal component in excess of 0.8 m/s in SMG and a larger eccentricity with velocity magnitude close to 0.3 m/s outside NG in agreement with our results (Fig.3a) . Moreira et al. (2011) compare their numerical results for M 2 with measurements at four stations in the NPGs area (stations PB, PC, LG and SAE in Table 2 ). They reported good model performance (amplitude error less than 20%), with the exception of one station inside SMG, although no numerical values were provided to make a more rigorous comparison with our results.
Tidal energy and dissipation
Tidal energy flux vectors were computed from the model results using the expression of Pugh (1987) : compute the rate of energy dissipation as:
where C d is the bottom drag coefficient (0.003), u and v are the bottom velocity components, and T is the tidal period. The M 2 has the strongest currents and highest amplitudes and therefore the largest tidal energy fluxes for the region. The bulk of tidal energy enters the domain from the south (27 GW) and east (3.1 GW) with a small portion leaking through the northern boundary (2.1 GW) (Fig. 4a) . As there is convergence of energy fluxes inside the domain, to reach a steady state the energy must be dissipated. The dissipation however is not spatially homogeneous. For a more detailed analysis we subdivide the computational domain in five zones: South Patagonia (SP), North Patagonia (NP), SMG, NG and SJG.
The SP dissipated only 2.8 GW (Fig. 4a ) of the 29.1 GW that enter from the south and east, and it is concentrated mainly at the southern tip of VP and mouth of NG. The NP receives 27 GW with a small portion of it (10%) outflowing to the SMG region and northern shelf and dissipating the bulk of the M 2 energy (22.4 GW). This is not unexpected, because both strong currents and rough and irregular bottom topography are almost collocated and therefore contribute to the high dissipation rate. The local maxima (>8 W/ m 2 ) are located in two centers around the VP and southern portion of the mouth of SMG (Fig. 4a) . After entering SMG the energy flux vectors develop a clockwise gyre and exits through the northern portion of the mouth. Most of the energy is dissipated in the vicinity of the mouth (2.4 GW) and the remaining (0.1 GW) in the entrance of SJG. Very little energy enters the NG and SJG, the bulk being dissipated at the gulfs' entrances. The distribution of energy flux vectors for the other semidiurnal constituents (S 2 , N 2 and K 2 ) is not significantly different from that found for M 2 (Fig. 4 , left panels) although the magnitude is reduced by 50 for S 2 and N 2 and by 500 for K 2 . This reduction in energy flux leads to reduced elevations (Fig. 2, left panels) , currents (Fig. 3 , left panels) and energy dissipation although the spatial patterns are essentially the same as that found for M 2 . The existence of clockwise gyres of flux vectors for all semidiurnals is indicative of standing waves and resonance at this particular frequency (Glorioso and Flather, 1997) .
The K 1 energy flux vectors (Fig. 4e) show some similarities but also important differences to those found for the semidiurnals. Although there is energy flux from the southern shelf (~0.54 GW) giving rise to the intensification of tidal currents towards the northeast in a similar manner to that found for the semidiurnals (Fig. 3e) , after passing VP the energy path differs significantly. A large part of this energy dissipates off VP (~0.2 GW) while the remaining portion veers offshore (Fig. 4e) . Therefore little tidal energy enters the SMG at this frequency and there are almost no amplification of the tidal wave and a substantial decrease in tidal currents inside the gulf (Fig. 2e and Fig. 3e ). The northeastward energy flow gives rise to a region of intensified tidal currents in the outer northeast shelf (Fig. 3e ). The energy flux vectors corresponding to O 1 have similar magnitude compared with those of K 1 but with important differences in its spatial structure. There are two branches of energy flow for O 1 . Like K 1 , the western branch enters the domain from the southern boundary and flows to the northeast. However, very little energy at this frequency surpasses the dissipation center off VP, leading to the observed weakening of elevations and currents inside the SMG (Fig. 3f) . More importantly, most of the energy at the O 1 frequency enters the domain from the eastern boundary (~0.7 GW) and supports a strong eastern branch of energy flowing southward. This flow is associated with the eastern limb of an anticlyclonic energy flux gyre of O 1 centered further south in the deep ocean (Glorioso and Flather, 1997 ). The energy flux vectors magnitude and dissipation rate for P 1 and Q 1 are a small fraction of K 1 (<6%, not shown). Similar spatial patterns of energy dissipation were found in previous shelf (Glorioso and Flather, 1997; Palma et al., 2004; Simionato et al., 2004 ) and regional models (Glorioso and Simpson, 1994; Moreira et al., 2011) although there are some differences in magnitude. The total area-integrated energy dissipation in our simulations attains 27.9 GW, and is in close correspondence with the 28 GW computed by Palma et al., 2004 (including a more extensive shelf) representing~24% of total energy dissipated in the Southwestern Atlantic Shelf (Palma et al., 2004 ). The value is higher than the 15 GW computed by Moreira et al. (2011) for a similar region but using a different numerical model (z coordinate). Glorioso and Simpson (1994) proposed a critical value S-H ¼ 2.3 ± 0.2 of the Simpson and Hunter (1974) parameter to predict the location of mixing fronts in the NPGs based on their analysis of ship and summer satellite images of sea surface temperature data and a numerical M 2 tidal model. We computed the S-H parameter using the M 2 currents and also the full 13-component results ( Fig. 4g and h ). The spatial regions enclosed by the critical contour (S-H ¼ 2.3) are found around and north of VP, the shallow region in the mouth of the gulfs, and in northern SMG. The enclosed area is slightly larger for the M 2 run (Fig. 4g ) than for the full component run (Fig. 4h) with the critical contour inside the SMG moving offshore in the latter case. The average frontal position obtained from the model is supported by more recent analysis of satellite sea surface temperature showing a pool of low temperature waters to the east and north of VP (Gagliardini and Rivas, 2004; Romero et al., 2006; Pisoni et al., 2014) and are also in good correspondence with the S-H critical contours computed by earlier models (Glorioso and Simpson, 1994; Moreira et al., 2011) . The largest (although not substantial) differences were detected when comparing with the low resolution model of Glorioso and Flather (1995) . In their simulations the critical contour off VP ends up at lower latitude and due to resolution issues there is no signature of critical contours near the mouths of NG, SJG or San Antonio Bay.
Nonlinear tidal waves
The presence of nonlinear advection terms and quadratic bottom friction in the model equations give rise to higher harmonics of the astronomical tides. Here we used the model results to analyze the M 4 overtide and the MN 4 and MS 4 compound tides.
The cotidal charts for the M 4 and MS 4 constituents (the results for MN 4 are very similar to that of MS 4 ) are shown in Fig. 5 (top panels). At difference with M 2 , the largest amplification of the higher harmonics occurs at the northeast of VP and most notably, inside NG. There is an amphidromic point for M 4 located in the outer shelf southeast of VP that is displaced~30 km southward for MS 4 and MN 4 . The amplitude error is very small for the higher harmonics at Madryn, the westward end of NG (less than 1 cm) but grows for the phases (~20 for M 4 and 60 for MN 4, Table 1 ). The gradient of the phase field is very large at NG mouth (see inserts in Fig. 5 ), therefore small changes in the bathymetric features at this location can induce large phase errors inside the gulf. The total tidal amplitude at Madryn adding the three nonlinear tides amounts to 34 cm that is 20% of the M 2 and of the same order as S 2 and N 2 at this location (see also Table 1 ). The M 4 and MS 4 current ellipses showed similar intensity and distribution patterns as the semidiurnal waves, but the large current amplification is located in the mouth of NG (~0.4 m/s for M 4 and~0.15 m/s for MS 4 and MN 4 , inserts in Fig. 5b and e) . Moreira et al. (2011) have also registered an amplification of the M 4 tide inside NG, although their maximum modeled amplitude is lower than the observed (0.10 cm). We did ancillary experiments (not shown) removing the higher harmonics from the open boundary forcing and found lower amplitudes inside NG. These results show the importance of including the higher harmonics as a boundary forcing to properly represent its dynamics inside the domain (Davies and Lawrence, 1994) .
The energy flux for the quarter-diurnal harmonics shows two different paths. There is a northeastward flow of energy coming from the southern boundary that converges towards NG but also energy outflow from the SMG that leaks towards the outer shelf (Fig. 5c ). The energy that enters the NG plus the local generation forms a closed gyre spanning the entire gulf (Fig. 5c, insert) . Results from MS 4 and MN 4 (the later not shown) are very similar although their magnitudes are about one-fourth of the M 4 fluxes. Glorioso and Flather (1997) have associated tidal energy gyres at the semidiurnal frequency in the Patagonian Shelf (for example inside SMG) to the presence of standing waves and therefore the possibility of resonance. The amplification of the quarter-diurnal waves inside NG might also be related to a resonance phenomenon at these frequencies. The export of energy at quarter-diurnal frequency from the Patagonian Shelf towards the deep ocean has been documented by altimeter studies and high resolution models of the Atlantic Ocean (Ray, 2007; Pairaud et al., 2008) . Glorioso and Flather (1997) showed a generation center of energy at this frequency in the coastal region near 51 S that leaks towards the shelf but also towards the SMG. In contrast, our results showed that inside the SMG there is a transfer of energy from the M 2 to its higher harmonics and that this energy is funneled to the outer shelf reinforcing the observed leaking into the Atlantic Ocean.
Tidal residual circulation and dynamics
In macro-tidal regions the time-mean (residual) currents are generally of the same order as the instantaneous currents and therefore dominate over other forcing mechanisms, like winds or buoyancy. The agreement between the modeled elevations and current ellipses with previous models and observed data are reasonable and can provide an acceptable estimation of the residuals in the NPGs. In this section we described the residual circulation patterns produced by the model and examined the physical mechanisms responsible for these patterns. Fig. 6a shows the Eulerian residual currents and associated stream function from the benchmark experiment (BEN) averaged over the last 30 days of the simulation. The BEN set-up was described in section 2.1 although in this case only the M 2 tide is imposed at the open boundary. From south to north there is a coastal current flowing with the coast to the left that intensifies west of VP (Vald es Coastal Current, VCC). The VCC shows two large meanders before leaving the coast near the tip of the peninsula and flowing to the NE. A small branch of the VCC feeds an intense anticyclonic vortex and then rejoins the coast and flows to the east entering SMG. Near the SJG entrance the eastward flowing coastal current intensifies and then turns northward following the SMG shelf topography. As it flows northward the current magnitude diminishes splitting in a number of eastward flowing branches that fills the SMG interior. In the southern portion of SMG the eastward circulation joins a strong cyclonic recirculating gyre of~0.08 Sv (1Sv ¼ 1 Â 10 6 m 3 /s) centered near the SJG entrance. The northern part of SMG is occupied by a broad southeastward current. The NG shows a gulf-wide cyclonic gyre roughly following the isobaths with intense coastal currents particularly in the southern coast, in agreement with a similar result derived by Rivas (1989) . The maximum transport of this gyre is~0.05 Sv. Superimposed on these regional features there are smaller recirculation patterns. The entrances of NG and SJG for example show pairs of cyclonic/anticyclonic vortexes, which strongly influence the exchange between the SJG and the SMG or between the NG and the shelf. Offshore recirculation patterns associated with banks or depressions are also visible northeast of VP. The largest residual currents (~30 cm/s) are found near the mouths of NG and SJG, at the southern coast of NG and SMG and offshore of VP. Computation of the residual currents including the 13 components and averaging the results for 360 days gives similar patterns but the currents' magnitude is weakened (not shown). This is related to an increase in the bottom velocities and therefore the bottom friction brought by the additional components (Marinone, 1997) .
Summarizing, the tidal residual circulation in the NPGs can be classified in three main patterns: (i) Regional coastal currents and gulf-wide gyres; (ii) Headland, or inlet eddies (Ridderinkhof, 1989) near the mouth of the NG and SJG and (iii) Topographic eddies over small scale topographic features, particularly northeast of VP. Some of these patterns are consistent with previous models although they were less defined due to lower spatial resolution (Glorioso and Simpson, 1994) . Unfortunately there are only very short time series of current measurements in the region and therefore there is no direct observational evidence to confirm the modeled patterns or the magnitude of the residual currents. In the following the robustness of the circulation structures will be analysed using vorticity balances, additional sensitivity experiments and comparison with idealized models (i.e. Park and Wang, 1994) . The sensitivity experiments are: (i) experiment neglecting the non-linear advection term in the momentum equations (NADV), (ii) experiment with constant depth (HCO), (iii) experiment with linear bottom friction terms (LFRI) and finally (iv) experiment with SJG closed (NSJ). The vorticity balances are based on the transport vorticity equation derived taken the curl of the model's equations of motion (Park and Wang, 1994) :
where U ¼ vðVDÞ vx À vðUDÞ vy is the vorticity of the horizontal volume transport V t ¼ (UD, VD) or the transport vorticity, (U,V) are the horizontal components of velocity, D is the water depth, h the sea surface elevation, f the Coriolis parameter and b its meridional gradient, J is the jacobian of two functions, curl z is the vertical component of the curl, t b is the bottom stress, ADV indicates the nonlinear advection terms and DIFF the turbulent diffusion terms. The Stretching (T 3 ), Beta (T 4 ) and diffusion (T 7 ) terms are negligible compared with the other terms in our simulation and will be omitted in the analysis. The physical mechanisms of vorticity production and dissipation are best evidenced by expanding the bottom friction term (T 6 ). Assuming a non-linear (quadratic) bottom friction parameterization of the form:
where jjV t jj is the transport magnitude, l t ¼ C d jjV t jj, and C d is a nondimensional bulk friction coefficient we get:
Therefore, the vorticity balance indicates that the transient transport vorticity (T 1 ) is induced from the nonlinear advection (T 2 ) of the instantaneous vorticity produced when the tidal flow crosses the isobaths, (topographic vorticity tendency, T 5 ) and differential friction over an irregular coastline or sea bed (terms T 8 and T 9 ) (Robinson, 1983) . Term T 5 is also called bottom-pressure torque or just bottom torque (Klinck, 1991) . For definiteness we will adopt this last denomination. The last term (T 10 ) represents the irreversible dissipation of vorticity by bottom friction. The production terms T 5 and T 8 arises in the presence of variable bottom topography (variations normal to the local flow direction in T 8 ) with T 8 different from zero even with linear friction formulations. T 9 depends on the gradient of the mean flow and can exist with constant topography (it is zero for linear friction formulations). In the following we will call T 8 vorticity generation by topographic friction, T 9 vorticity generation by shear friction and T 10 vorticity dissipation. Taking the temporal average of Eq. (5) over several tidal cycles, we obtain the residual vorticity equation:
where the overbar indicates the time average. R 2 is called residual advection, R 5 residual bottom torque, R 8 residual topographic friction, R 9 residual shear friction and R 10 residual dissipation. The paramount importance of the non-linear advection of vorticity (R 2 ) for the establishment of the residual patterns is illustrated with the results of an experiment where the non-linear advection terms in the equation of motion were neglected (NADV).
In this case, all of the residual patterns of BEN, particularly the topographic and inlet eddies vanished (Fig. 6b) . Furthermore, the gulf-wide circulation in NG and west of SMG weakens considerably and even change sign. Below we employed vorticity balances to identify the dominating physical mechanisms that account for the main residual patterns.
Regional coastal currents and gulf-wide gyres
Our hypothesis is that the intense VCC and the coastal current at the southern and western coasts of SMG as well as the basin-wide gyre in NG are generated through a tidal rectification mechanism very similar to the one present in straight shelf-slope regions of the open ocean (P erenne et al., 2000) . In terms of the vorticity balance, during the flood tide the water columns cross the isobaths and generate positive vorticity through the bottom torque mechanism (T 5 ). During the ebb tide there is generation of negative vorticity at the base of the bottom slope. On average there is a residual of positive vorticity on the inshore side that promotes the development of a cyclonic current via non-linear advection. Fig. 7 shows a close-up of the residual transport vorticity in the study area. In regions where the coastal current do not present large meanders (like the southern coast of SMG), the averaged vorticity is positive on the shallower side (facing the current direction) and negative on the deeper side. In NG the bathymetric contours are closed and therefore the coastal current forms a closed cyclonic gyre (Fig. 6a) . The VCC, accompanying changes in the bathymetric contours of the coastal region, shows large meanders and the above vorticity pattern is somehow broken by the appearance of centers of positive and negative vorticity (Fig. 6a and Fig. 7) .
Further insight into the physical mechanisms responsible for the generation of the coastal currents can be gained analyzing the Fig. 8 . The white rectangles (HO and BA) indicate the areas analysed in Fig. 9 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) sensitivity experiments. HCO (Fig. 6c) shows that the most important vorticity production mechanism for the coastal current generation is related to bottom depth variations (T 5 and T 8 ). Without them the coastal current broadens and weakens considerably and the NG gyre vanishes. The residual circulation in NG and the coastal current, however, is modulated by the production of vorticity by shear friction (T 9 ), the currents being more intense and narrow in BEN than in LFRI (where T9 is null) (Fig. 6a and d) .
Inlet eddies
The generation of residual eddies around headlands or coastal promontories by strong tidal flows has received a lot of attention in the past (i.e. Pingree, 1978; Ridderinkhof, 1989; Signell and Geyer, 1991; Park and Wang, 2000) . It is clear that the residual headland eddies stems from the advection of tidal vorticity generated by the oscillating flow, but the production mechanisms differ. In order to compare these idealized studies with our realistic regional model we computed the transient (Eq. (5)) vorticity balance at two different stations near the SJG entrance's right promontory, where the inlet eddies are well defined (one outside and one inside the gulf, white circles in Fig. 7 ). In the outside node (north of the mouth) the transport vorticity tendency (T 1 ) is dominated by the vorticity advective term (T 2 ) and the bottom torque (T 5 ) while the effect of topographic and shear friction is small (Fig. 8a and b) . The bottom torque is mostly positive during the flood (flow into SJG) and negative during the ebb (flow out). The vorticity advective term is mostly negative and out of phase with the bottom torque (Fig. 8a) . There is a larger efflux of negative vorticity during the ebb than the influx of positive vorticity during the flood. The situation is reversed for the inside node (Fig. 8d) , with the advective term mostly positive, although in this case there is a comparable contribution of bottom torque and shear friction during the tidal cycle ( Fig. 8d and e) .
On average, the residual vorticity is negative (cyclonic) at the north side and positive (anticyclonic) at the south-side (Fig. 8c and  f) . Note that, as the inlet is flanked by two headlands a similar vortex-pair is visible on the western side of the mouth (Fig. 7) . This vortex-pair however is of weaker magnitude compared with the one formed in the eastern side (and the sign is inverted). Fig. 8 . Transport vorticity balances. Left panels are for a station outside the SJG, right panels for a station inside SJG (see Fig. 7 ). a) and d) Transient vorticity balance during a tidal cycle. b) and e) Transient vorticity frictional terms. (c) and (f) Transport vorticity during a tidal cycle. Ridderinkhof (1989) have described and analysed a similar "quadrupole" structure near an inlet of the Western Dutch Wadden Sea. An analogous eddy structure is also observable near the NG inlet (Fig. 7) . Park and Wang (2000) in their experiments employed a Gaussian promontory without coastline indentation and a small bottom slope. The appearance of the vortex pair around the promontories in our simulations however does not need the bottom slope. HCO, with a realistic coastline but constant bottom topography showed that the only residual patterns that remain in this case are the vortex pairs near the gulfs' inlets or in regions with strong changes in coastline orientation, like the northeast tip of VP (Fig. 6c) . Signell and Geyer (1991) indicate the necessity of a boundary layer separation (and therefore a non-slip condition on land boundaries) to produce the residual headland eddies. Pingree and Maddock (1980) on the other side showed that lateral boundary layers need not necessarily be present to simulate headland eddies. In their model a headland eddy stems from the advection of vorticity generated by differential bottom friction (T 8 plus T 9 ). HCO (with a slip condition on lateral boundaries) shows that part of the vorticity production of the inlet eddies comes indeed from shear friction (T 9 ), although in BEN topographic friction (T 8 ) seems more relevant ( Fig. 8b and e) .
It is interesting to note that the strength of the intense cyclonic vortex located outside the SJG inlet seems to be related to additional mechanisms of vorticity production. A close inspection of the transient vorticity balance at the vortex center shows that the vorticity tendency is in phase with the non-linear vorticity advection and with bottom torque playing a secondary role (Fig. 8a) . We postulate that the intensity of this vortex is mostly related to vorticity generated at the south side of the promontory and advected towards the SMG. If this mechanism of vorticity advection is prevented (as in experiment NSJ) the cyclonic vortex almost vanished (Fig. 6e) .
Topographic eddies
Closed residual patterns over small topographic features like banks or hollows have been studied by Zimmerman (1980) using analytical models and by Park and Wang (1994) in idealized numerical experiments. According to their studies, the eddies are generated by the non-linear advection of vorticity produced by topographic mechanisms (T 5 and T 8 ). The importance of these mechanisms is clearly illustrated in the results of NADV and HCO. Without non-linearities or bottom topography gradients the small eddies disappear (Fig. 6b and c) . The results of BEN, however, showed that there are centers of residual positive (negative) vorticity over banks (hollows) (Fig. 6a and Fig. 7) .
The relative importance of the vorticity-production mechanisms is further investigated by vorticity balances along selected features (one bank and one hollow, see Fig. 7 and Fig. 9 , top panels). The transient transport vorticity close to the top of the bank is dominated by the bottom torque (T 5 ) although the topographic friction (T 8 ) and shear friction (T 9 ) are also important, particularly at those instants (ebb and flood) where T 5 is small and T 8 is not completely counterbalanced by shear friction (T 9 , Fig. 9b and c) . Note that at difference with differential friction, bottom-torque is mostly harmonic and in phase with the vorticity tendency (T 1 ). The balance is closed by vorticity dissipation (T 10 ) that is larger during the ebb and flood phases of the tide. The pattern of residual transport vorticity shows large positive vorticity over the top of the bank and two negative vorticity centers at the sides (the center on the left flank is much smaller than the one on the right flank, Fig. 9a ). At the top of the bank the strongest eddy is anticyclonic and at the left/right sides eddies are cyclonic and more attenuated and diffuse. In order to understand how the residual transport vorticity arises, we analyze the residual balance on a zonal transect cutting the bank ( Fig. 9a and d) . The balance is dominated by vorticity advection (R 2 ) and residual differential friction (R 8 þR 9 ) and in less extent by the residual bottom torque (R 5 ). This result is a consequence of the instantaneous vorticity balance. Although at the center of the bank the bottom torque is the main source of transient vorticity (Fig. 9b) it is largely harmonic and when averaged, it is overcome by differential friction. Of the two frictional mechanisms of vorticity production, topographic friction is the more important. It is mostly positive during the tidal cycle on top of the bank (Fig. 9c) and negative on the sides (not shown). As a result the combined residual of differential friction (R 8 þ R 9 ) is positive on top of the bank and negative on the sides (Fig. 9d) . The vorticity advective term is largely positive during the tidal cycle (Fig. 9b) and therefore the residual vorticity advective term (R 2 ) has a maximum positive value near the center of the bank (Fig. 9d) . On the flanks the residual advective term is smaller and negative. In summary, the residual transport vorticity balance is dominated by the residual vorticity advective term and the residual topographic friction term (Fig. 9d) . This result is consistent with the results of the sensitivity experiments. The topographic eddies generated in LFRI (including T 2 and T 8 but excluding T 9 ) are very similar to those of BEN (Fig. 6d) .
A similar counter-rotating group of eddies exists over a hollow. As the bottom slope changes sign from bump to hollow, the signs of the transient transport vorticity and the residual vorticity also change. The residual transport vorticity is anticyclonic at the top of a bank, whereas it is cyclonic at the center of a hollow (Fig. 9e) . The transient balance shows that the bottom torque is also the major source for the transient vorticity generation over the hollow. At difference with the bank case however, in this case there is a minor contribution from the frictional torques (Fig. 9g) . As a consequence, the residual transport vorticity is largely controlled by the residual vorticity advection and bottom torque (Fig. 9h) .
Overall, the above results are in reasonable agreement with the idealized experiments of Park and Wang (1994) , particularly with respect to the central eddy (the one on top of the topographic feature). They found the formation of a large residual anticyclonic eddy over a bump with cyclonic eddies on the flanks and of a cyclonic eddy over a hollow with much smaller anticyclonic eddies on the sides. Their vorticity analysis showed that the residual vorticity over the bump is mostly controlled by non-linear advection and differential friction while for the hollow the balance is mostly between non-linear advection and bottom-torque. Our realistic model results also show some differences with the idealized study. The side eddies are not so well defined due to differences in the geometric aspect of the topography (i.e., our selected bank is elongated rather than circular), the proximity of other bathymetric features (small banks surrounding the selected hollow) or other mechanisms involved in the local dynamics. Similar results also applied to other small scale topographic features of the region (anticyclonic vorticity over banks, cyclonic vorticity over hollows) although sometimes the closeness of topographic features with different scales or bottom slope generates centers of alternate sign that precludes a detailed comparison with the idealized studies (i.e. Fig. 9e , where five banks of different height surround a larger hollow).
Summary and discussion
The strong influence of tidal forcing on the dynamics of coastal regions has been analysed in other major macrotidal areas of the ocean including Davies and Kwong (2001) for the NW European Shelf, Chen et al. (2001) for the Gulf of Maine-Bay of Fundy region and Kang et al. (1998) for the Yellow Sea among others. In comparison there have been relatively few works on the Patagonian Shelf tides, with the model of Glorioso and Flather (1997) setting a baseline for future work. Recent studies however, have shown that the accuracy of previous low-resolution numerical models of the Patagonian Shelf are still unsatisfactory (Saraceno et al., 2010) . Much progress has been made on tidal modelling in the past decades using assimilation of satellite altimetry (i.e He and Wilkin, 2006; Han et al., 2010) but it is increasingly clear that in coastal regions the efforts should also be concentrated in improving the model physics (i.e., including non-linear terms, a better representation of the bottom boundary layer and turbulence closure schemes) and the overall spatial resolution (Lyard et al., 2006) . In this study we took a step forward in this direction constructing a high resolution non-linear, terrain-following coordinate tidal model of the NPGs.
Although historical observations of tidal elevations and currents in the Patagonian Shelf are too sparse and too short to construct statistical comparisons with the model results, we found a reasonable agreement with the existing observations and previous models. The agreement indicates that the primary physical processes affecting the tides in the NPGs are adequately described by forcing the regional model with data extracted from a global tidal model at the open boundary, without assimilation or tuning of the model parameters (bottom friction and/or horizontal viscosity). The present solutions also revealed additional features of the NPGs circulation poorly delineated or not reported in previous models.
Cotidal charts showed one amphidromic point for the semidiurnal tides off the mouth of SMG and one for the diurnals southeast of VP. The M 2 amphidrome have been reported previously but its reproduction relied on some tuning of the bottom friction parameter (i.e., Glorioso and Flather, 1997; Simionato et al., 2004) . Additionally, the present simulation have shown small but measurable displacements in the amphidrome's position among constituents of similar class and that no new amphidromes are developed inside the Gulfs. There is a large amplification of the M 2 wave after traversing the SMG mouth, a result already reported in low and high resolution models (i.e, Glorioso and Flather, 1997; Moreira et al., 2011) . Our results also showed that this amplification extends to all semidiurnals, indicating resonance for the SMG at this frequency. Tidal currents are also larger for the semidiurnal constituents particularly southeast of VP and at the entrance of the three Gulfs. The currents at the diurnal frequency however amplify at the outer shelf due to resonance with continental shelf waves at this frequency (Palma et al., 2004) .
At difference with the semidiurnal and diurnal tides the higher harmonics M 4 , MS 4 and MN 4 developed a large amplification inside the NG indicating resonance at quarter-diurnal frequency. Moreira et al. (2011) have also shown a similar but weaker amplification for M 4 in NG. The improvement of our solution might be related to the inclusion of these components as open boundary forcing (Davies and Lawrence, 1994) . The NPGs show a convergence of tidal energy fluxes and highly localized dissipation areas particularly northeast of VP. In contrast, the higher harmonics showed an export of tidal energy to the shelf. This particular behavior for M 4 in the Patagonian shelf has been documented by altimeter studies and high resolution models of the Atlantic Ocean (Ray, 2007; Pairaud et al., 2008) . This tendency extends to other higher harmonics like MS 4 and MN 4 .
An additional important result stemming from this study is that the tide can generate residual currents in the NPGs region that are of the same order of magnitude as those generated by winds or offshore forcing (i.e. Palma et al., 2008) . We have identified three main patterns of residual circulation: regional coastal currents and gulf-wide gyres; inlet eddies and topographic eddies. Greenberg (1983) and Xue et al. (2000) computed the tidal residuals in the Gulf of Maine-Bay of Fundy region and found a general weak clockwise gyre inside the Gulf, the presence of dipoles (counterrotating eddies) near the head of the Bay and a strong anticlockwise circulation over the major offshore banks (i.e. Georges Bank) generated by tidal rectification mechanisms; results that are consistent with our model results in the NPGs region. Minh et al. (2014) have analysed the tidal residuals in the Gulf of Tonkin (Yellow Sea) and found an anticlokwise gulf-wide circulation that surrounds Hainan Island and several small scale vortices near the coast. Similarly, Wei et al. (2004) analysed the eulerian and lagrangian tidal residual circulation in the Bohai Sea and found weak currents in the central basin and a pair of intense vortices near the Lyaodong Peninsula.
We have also compared the residual currents generated by forcing the model with M 2 and with the full 13 components. The spatial patterns are very similar but the current's intensity is weakened. This result is related to an increase in the bottom friction brought by the additional components and is in agreement with the conclusions of Marinone, (1997) . The robustness of the NPGs residual structures was further analysed using vorticity balances and sensitivity experiments. The analysis showed that the intensity of the coastal currents off VP and at the southern and western coasts of SMG as well as the basin-wide gyre in NG were generated through a non-linear tidal rectification mechanism very similar to the one present in straight shelf-slope regions of the open ocean (P erenne et al., 2000) . The physical mechanism relies on the nonlinear advection of local vorticity production, where depth variations and non-linear friction are the major contributors to the current's narrowness and intensity. The structure of the inlet eddies (entrances of NG and SJG) however, are less affected by depth variations. Sensitivity experiments showed that part of the vorticity of these eddies come from shear friction and non-linear advection but their intensity is reinforced by topographic friction effects. A similar mechanism have been invoked in the idealized study of headland eddies by Park and Wang (2000) and the realistic models of Pingree (1978) and Signell and Geyer (1991) . The small-scale topographic eddies (hollow and bank) are generated by the nonlinear advection of vorticity generated by topographic mechanisms (bottom torque and topographic differential friction) a result already reported in highly idealized numerical studies of tidal residual circulation (Park and Wang, 1994) .
